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A range of methods, technologies and equipment are used to collect representative 
composite soil samples from paddocks. Once collected, soil samples are analysed for 
various parameters that provide evidence to guide fertiliser decisions. The sampling 
methods, technologies and equipment used must result in samples that consistently 
represent the parameter of interest. 
Soil sampling technology and equipment has advanced from manual devices (such as 
pogo-stick-style foot-thrust core samplers [pogo]) to a variety of mechanised core-thrust 
samplers and augers that are fitted to vehicles or battery drills. Each device may 
function differently under different conditions, and each requires differing levels of 
human intervention to comply with agreed approaches to soil sampling. There has been 
minimal comparative testing of sampling equipment to determine the rigour of the 
various sampling tools and their effect on common soil test parameters. This study 
addresses this lack of comparative testing by using systematic, replicated soil sampling 
on 3 soil types each month for 12 months in soils with permanent pasture. A variety of 
equipment was assessed – all-terrain vehicle with hydraulic auger; rough-terrain vehicle 
(RTV) with vacuum-assisted hydraulic core sampler; RTV with hydraulic core sampler; 
four-wheel-drive utility vehicle-mounted compressor-driven auger; battery-drill-driven 
auger; battery-drill-driven universal ground probe; manual pogo used by an operator 
who weighed 65 kg; and manual pogo used by an operator who weighed 90 kg. 
Sampling over 12 months examined if systematic variations exist between different 
sampling techniques and under what conditions. Field and reference samples were 
analysed for Colwell P (phosphorus) and K (potassium), KCl-40S (sulfur), pH(CaCl2 
[calcium chloride] and H2O [water]), phosphorus buffering index (PBI), phosphorus 
retention index (PRI) and electrical conductivity (EC). 
At low levels of Colwell P and K, KCl-40S, PBI and PRI, the variation attributed to the 
laboratory (or chemical method) was greatest, making differences in sampling 
equipment undetectable. When higher levels of these parameters existed in the soil, 
variations introduced by sampling equipment were greater than those from the 
laboratory (or chemical method), and differences between equipment could be detected. 
Even when differences between equipment could be detected, the differences were 
rarely consistent, hence any of the equipment was equally valid to use. Operator 
changes more likely explain some of the month-to-month variations and significant 
differences between equipment. 
Variations in chemical analysis identified and quantified the performance of the 
analytical methods. For measures like Colwell P, 95% confidence intervals (CI) of ±50% 
are to be expected when Colwell P is less than 10. The 95% CI approximately halved 
for each doubling of Colwell P. Unfortunately, a considerable proportion of soils in 
Western Australia (WA) have low P-retention capacity, resulting in lower Colwell P 
values and high Colwell P variability. Similar patterns were identified for PBI and PRI 
and could be implied for Colwell K and KCl-40S. pH was the least variable of the tests 
performed, probably because of its logarithmic scale. 
Vertical and spatial stratification of soil analytes was evident from grid sampling, with a 
general trend for soil analyte values to decrease with depth. Therefore, sampling too 
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shallow will result in higher analyte values, whereas sampling too deep will result in 
lower analyte values. When sampling, avoiding obvious surface features that can 
influence analyte variability (headlands, gates, troughs and high animal traffic areas) will 
not always result in a representative sample. Sampling zones within a paddock is more 
likely to give a biased result than sampling across a whole paddock where the spatial 





A range of methods, technologies and equipment are used to collect composite 
samples from soil units, paddocks or management zones. Once collected, composite 
soil samples are analysed for various chemical, physical and biological parameters, and 
these analyses are used to guide applications of fertiliser, lime and other soil 
amendments. Samples must consistently represent the chemical, physical and 
biological status of the sampled unit, paddock or zone. Therefore, the various sampling 
methods, technologies and equipment need to either provide consistent results, or if 
differences exist, be shown to be sufficiently consistent to enable adjustments to be 
made to allow comparison between methods and technologies. 
There has been minimal comparative testing of sampling equipment to determine the 
rigour of the various sampling tools and their effect on common soil test parameters. To 
determine if systematic variations exist between different sampling equipment and 
under what conditions, we undertook systematic soil sampling each month for 
12 months on 3 soil types in permanent pasture, using a range of handheld and vehicle-
mounted mechanised equipment. The results of this assessment will help identify 
issues associated with specific equipment and whether systematic factors can be used 
to adjust between equipment in different seasons. 
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2 Background 
Soil sampling equipment has advanced from manual soil core sampling devices, such 
as pogo sticks, to various mechanised core samplers and augers that are fitted to 
machinery or handheld battery drills. Each device may function differently under 
different conditions, and differing levels of human intervention are required to comply 
with agreed approaches to soil sampling. For example, using hand-operated tools with 
visual line of sight allows the operator to more clearly avoid dung and to push aside 
coarse sticks and mulch. However, the common practice of ‘kicking off the soil surface’ 
as a precursor to using a pogo stick should not be used to remove surface organic 
matter because high levels of stratified nutrients are part of the soil (Weaver and 
Summers 2021). 
Independent of sampling equipment is the spatial variability of the soil parameter of 
interest and the number of samples required to limit the variability to reasonable levels, 
while still making soil sampling a practical tool to support evidence-based fertiliser 
decisions. For example, McAlpine and Birch (1985) concluded that since most P 
variability is found at the microscale level, sampling experimental plots of up to 0.5 ha, 
depending on topography, required a sample size of 25–30 cores in a composite 
sample to achieve 95% confidence of being within ±10% of mean soil Total P 
concentration for Joel and Coolup soils in the Peel−Harvey Catchment. When sampling 
for Colwell P concentration, some soil types needed a larger sample size – for example, 
a Joel sandy soil needed 40 cores and a Coolup duplex soil needed 60 cores to be 95% 
confident of being within ±10% of the mean. However, if such a high confidence level is 
not needed, the sample size may be reduced. Alternatively, to be 95% confident of 
being within ±5% of the mean, an increase to, say, 275 samples would be required. 
Based on McAlpine and Birch (1985), much of the soil sampling industry has adopted a 
practical sample size of 30 cores to prepare a composite sample for soil chemical 
analysis. However, this is not universal and some practitioners risk taking 
unrepresentative samples by taking fewer cores. Fertilizer Australia recently published a 
soil sampling guide (Gourley and Weaver 2019), which provides guidance on planning 
and collecting representative soil samples. 
Most soil sampling in south-west WA occurs in typically hot and dry months (November 
to April) to avoid potential seasonal variations (Bolland 1995). This is when the soils are 
dry, plant senescence has occurred, and nutrients such as P have moved from less 
labile to more labile pools which increases the soil test values (Weaver et al. 1988). 
Bolland (1995) showed that temporal variation within the November to March period 
was small. However, Bolland (1995) used only one sampling technique. Other 
researchers have found significant temporal variations (Jessop et al. 1977) and hence 
our assessment also examined temporal variation. 
Friesen and Blair (1984), as reviewed by Blair and Lefroy (1993), compared cluster or 
monitor plot sampling in pasture paddocks of low and high nutrient status with the more 
conventional manual zigzag sampling previously used. They favoured the efficient 
cluster sampling technique of entering a paddock, driving to a sampling point, taking 12 
to 20 cores by hand, then backtracking from the paddock. Their results showed that 
‘when used according to recommended procedures and when a sufficiently large 
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number of cores are taken, zigzag path methods will give good estimates of soil test 
means for the sampled paddocks’, but they baulked at the logistics of taking more cores 
in the paddock over a wider area. The advent of mechanical sampling and the common 
use of diagonal access gates has meant that more subsamples can be taken more 
efficiently by traversing a paddock diagonally with a sampling machine than manually 
sampling a few areas of the paddock and returning to the same gate. Mechanical 
sampling has also been combined with GPS, increasing efficiency and sampler 
compliance because of the speed, convenience and transparency of being able to use 
GPS points to monitor where sampling has taken place. Using a GPS also allows post-
sampling assessment of validity or bias of inappropriately placed cores. Introducing 
robotic sampling systems in the future will likely further decrease effort and remove 
operator variation. 
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3 Methods 
The locations chosen for sampling were grazing paddocks that had not been cultivated 
and were close to the then Waroona office of DPIRD (Figure 3.1). Two paddocks on 
one farm and 1 paddock on an adjacent farm were chosen to represent soil types 
ranging from sand to hardsetting clay. The paddocks were not fertilised during the 
sampling period. 
 
Figure 3.1: Location of the sampling paddocks 1, 2 and 3  
( inset a) in this assessment  
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3.1 Sampling equipment 
Eight sampling methods using different equipment were planned for each paddock 
(Table 3.1). 
Table 3.1: Sampling equipment used in this assessment 
Equipment Type Code 
All-terrain vehicle (quad bike) fitted with hydraulic-driven 
auger (Figure 3.2) 
Mechanised on a vehicle ATV 
Kubota RTV with a vacuum-assisted, hydraulic-driven core 
sampler (Wintex 1000a; Figure 3.3) 
Mechanised on a vehicle RTV+ 
Kubota RTV with a hydraulic-driven core sampler (Wintex 
1000; Figure 3.3) 
Mechanised on a vehicle RTV– 
Ute-mounted, compressor-driven Williams Terrier auger 
sampler (Figure 3.4) 
Mechanised on a vehicle WT 
Battery-drill-driven auger (Figure 3.5) Mechanised handheld BDA 
Battery-drill-driven auger (Universal Ground Probeb; Figure 
3.6) 
Mechanised handheld UGP 
Pogo 1 used by operator who weighed 65 kg (Figure 3.7) Manual P1 




Figure 3.2: Al l -terrain vehicle (quad bike) f i t ted  
with hydraulic-driven auger 
Assessment of soil sampling equipment 
6 
 
Figure 3.3: Kubota RTV with a hydraul ic-driven core sampler ,  with and without 
vacuum assistance (Wintex 1000) 
  
Figure 3.4: Ute-mounted, 
compressor-driven Wil l iams terrier 
auger sampler 
Figure 3.5: Battery-dri l l -  




Figure 3.6: Universal ground probe 
auger operating from a battery -
powered electr ic dr i l l  
Figure 3.7: Pogo sampler 
3.2 Sample timing 
Sampling occurred about 4 weeks apart for 12 months from April 2014 to March 2015 to 
capture seasonal and other variations. However, not all sampling methods could be 
conducted each month because site conditions, such as waterlogging and hardsetting 
of soils, prevented sample collection using some equipment. 
3.3 Sample plots 
Six replicates using each method in each paddock were collected (Figure 3.8). A single 
replicate contained a composite of 30 cores that were collected from predetermined 
plots on a grid that identified 30 flagged points within a paddock. A core sample was 
collected to 10 cm depth from within 1 m of each flagged point. Eight predetermined 
sets of plots were randomly used at each sampling time to obtain samples in plots offset 
from previous samplings. This randomisation ensured that sampling of each set of plots 
in each paddock was minimised within the entire sampling period. This sampling pattern 
restricted the area of each plot sampled to 5.0–7.5% of the paddock area during the 12-
month sampling period. For manual and handheld collected sample methods, all 6 
replicates at each flagged point in each plot were able to be collected concurrently to 
reduce the need for walking. For mechanised, vehicle-mounted methods, each replicate 
required sequential collection. 
Details of each collected core were recorded using FileMaker Go on iPads; these 
details included geolocation, sampler operator name, date and time stamps, method, 
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grid and sample identification. Occasionally high temperatures and satellite reception 
limited the capacity to capture geolocation and other metadata from the iPads. 
 
Figure 3.8: Example sample plot layout , where 1 of the 8 plots was  
randomly selected and f lagged for sampling  each month 
3.4 Reference samples 
In addition to the systematic monthly sampling, 7 reference samples were collected to 
estimate temporal and batch variation in analysis at the laboratory. The reference 
samples were from 180 cores collected using pogo soil samplers. These samples were 
managed the same way as the monthly samples, except that they were collected once, 
processed, homogenised and then subsampled to obtain 5–10 replicates for analysis at 
each monthly sample submission. 
The reference samples were taken from each of the 3 regularly sampled paddocks as 
well as 4 unrelated paddocks. Reference samples were collected twice for paddocks 2 
and 3 (Figure 3.1), in July 2014 and October 2014. 
3.5 Sample processing 
A subsample of each sample was taken to determine moisture content, using standard 
drying and gravimetric techniques. Moisture was a potential variable for determining 
sample integrity, particularly for unconsolidated sandy soils that may not support the 
retention of a full core in the sampling equipment. The remaining sample was dried at 
40 °C, crushed in a mortar and pestle if necessary (clay samples), sieved through a 
2 mm sieve, and split for laboratory submission and archiving. 
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3.6 Sample analysis 
Samples were sent to 2 laboratories: reference laboratory 1 (Lab 1) and reference 
laboratory 2 (Lab 2). Samples were analysed for Colwell P (Colwell 1965), Colwell K 
(Colwell 1965), KCl-40S (Blair et al. 1991), pH(CaCl2) (Gazey and Davies 2009), PBI 
(Burkitt et al. 2002), PRI (Allen and Jeffery 1990), EC and soil moisture. All samples 
collected each month were analysed for chemical parameters at Lab 2; however, most 
reference samples were sent to both laboratories. Soil moisture was determined at 
DPIRD’s Waroona office. 
3.7 One-off paddock characterisation 
One paddock (paddock 2) was characterised by one-off grid sampling using soil 
scrapers to collect individual 0–1, 1–2, 2–5 and 5–10 cm samples, across a 40 × 40 m 
sampling grid. Five sample locations were randomly chosen within each grid square – 
4 were used to derive a composite sample at each depth and the other was used to 
determine bulk density. This sampling allowed spatial and vertical variability to be 
assessed. It was not possible to characterise all 3 paddocks because seasonal 
conditions – such as hardsetting and waterlogging – or dense pastures and roots 
adversely affected the sampling method. 
3.8 Data analysis 
The soil chemical data analysis used summary statistics and analysis of variance 
(ANOVA), while temporal and spatial variability was explored using graphical methods 
such as box and whisker plots (McGill et al. 1978), violin plots (Hintze and Nelson 1998) 
and seasonal models (Helsel and Hirsch 1992). The ANOVA is not presented here, and 
variance is shown in the graphical representations. The seasonal model was of the form 
𝑌 = 𝐴 + 𝐵 × sin(2 × 𝜋 × 𝑡) + 𝐶 × cos(2 × 𝜋 × 𝑡) + 𝐷 × 𝑡 
where t = time in decimal years, and A, B, C and D are coefficients. 
Colwell P, Colwell K, and KCl-40S were re-expressed as fertility indices – a simple ratio 
of measured soil test to target soil test values (Rogers et al. 2021). Target soil test 
values were determined using the equation by Gourley et al. (2019): 




The target soil fertility index was to achieve a relative yield of 90% of maximum 
production and was expressed as P90, K90 or S90. 
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4 Results and discussion 
4.1 Paddock characterisation 
During the sampling period, 879 composite soil samples were collected from a pre-
established grid, each containing 30 cores: 141 samples were collected from 
paddock 1, 516 were collected from paddock 2, and 222 were collected from 
paddock 3. The variation in the number of samples collected from each paddock was 
due to the underlying compatibility or incompatibility of the soil conditions and sampling 
equipment. 
Although the distributions of various measured soil analytes and derived variables in 
each paddock often showed substantial variability (Appendix A: Figures A1 to A8), 
numerous factors contribute to these variations, including sampling equipment, 
sampling personnel, seasonality, spatial variability, stratification and laboratory 
measurement. Colwell P did not build up in paddock 2, which is sandy (Figure 4.1), 
because the P retention capacity was lower and hence the values are clustered near to 
zero (Figure 4.2). However, the higher P retention capacity in paddocks 1 and 3, which 
are clayey (Figure 4.1), resulted in higher and wider ranges of values. Neither Colwell P 
nor Colwell K were affected by the type of sampling equipment, as shown by the even 
spread of sampling equipment across the range of results. The ranges of concentration 
of Colwell K were similar to Colwell P for the different soil types, despite a difference in 
the absolute concentration, and were not influenced by the soil types either, as shown 
by the narrow range of results (Figure 4.3). 
 
Figure 4.1: Soi l  texture tr iangle showing the texture of paddocks 1, 2 and 3  
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Note: Black dots indicate the median. 
 
Note: Black dots indicate the median. 
Figure 4.2: Distr ibution of Colwell  P 
col lected by sampling equipment  in 
each paddock  
Figure 4.3: Distr ibution of Colwell  K 
col lected by sampling equipment  in 
each paddock 
4.2 Temporal variability 
4.2.1 Rainfall, temperature, soil moisture and equipment 
The rainfall and temperature are typical of a Mediterranean environment with cool, wet 
winters and hot, dry summers. Temperature and rainfall influence soil moisture and the 
equipment that can be used for sampling, and may help explain temporal variation in 
soil analytes following a seasonal trend. Figure 4.4 shows the variation in monthly 
rainfall and average minimum and maximum temperatures during the sampling period. 
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Figure 4.4: Variation in monthly rainfal l ,  and average monthly minimum and 
maximum temperatures, Apri l  2014 to March 2015 
Soil moisture depends on temperature and the amount of rainfall received, and was 
more variable during the seasonally wetter months (May to September) in all paddocks 
(Figure 4.5, Figure 4.6, Figure 4.7). 
Paddock 2 had the lowest and least variable soil moisture, reflecting its well-drained 
sandy texture (Figure 4.1), and was able to be sampled by most equipment in most 
months. The exceptions were that RTV+ could not be used when soil moisture was 
high, and RTV− could not be used when soil moisture was low (Figure 4.5). Even 
though the hydraulic pogo used in RTV− could penetrate the sandy soil, the low soil 
moisture in summer meant that intact cores could not be retained in the sample tube. 
Paddocks 1 and 3 had more restrictive use of sampling equipment, in part due to soil 
moisture and soil texture (Figure 4.1, Figure 4.6, Figure 4.7). The hardsetting clay 
nature of these 2 soils restricted the use of pogos and RTV– to months where soil 
moisture exceeded about 20%, allowing easy penetration of sampling tubes into the 
soil. When soil moisture was 5–10%, auger-type equipment, such as WT, BDA and 
UGP, could be used. When soil moisture fell below about 5%, battery-operated 
equipment was not as capable of collecting a sample because of the hard soil; however, 
the compressor-driven WT was capable under these conditions. The auger-type 
equipment was not suited to the sandy clay loams in paddocks 1 and 3 when soil 
moisture exceeded 20% because the augers were binding up with clay rather than 
discharging the soil into the collection vessel. 
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Note: Dashed and solid lines show the fitted seasonal model of soil moisture with 95% 
prediction intervals. In the table below the figure, black cells indicate the months each 
equipment type was successfully used. 
Figure 4.5: Monthly rainfal l  (bars; left  y  axis) overlain with soi l  moisture (viol in 
plots; r ight y  axis) independent of sampling equipment for paddock  2 
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Note: Dashed and solid lines show the fitted seasonal model of soil moisture with 95% 
prediction intervals. In the table below the figure, black cells indicate the months each 
equipment type was successfully used; grey cells indicate the equipment type used was 
partially successful. 
Figure 4.6: Monthly rainfal l  (bars; left  y  axis) overlain with soi l  moisture (viol in 
plots; r ight y  axis) independent of sampling equipment for paddock  1 
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Note: Dashed and solid lines show the fitted seasonal model of soil moisture with 95% 
prediction intervals. In the table below the figure, black cells indicate the months each 
equipment type was successfully used. 
Figure 4.7: Monthly rainfal l  (bars; left  y  axis) overlain with soi l  moisture  (viol in 
plots; r ight y  axis) independent of sampling equipment for paddock  3 
4.2.2 Analytes and derived variables 
There was a seasonal response in Colwell P, most strongly evident in paddock 2 and 
least evident in paddock 1 (Figure 4.8). Highest Colwell P values tended to occur at the 
start of the growing season (May to July), falling to their lowest levels in November. This 
seasonal cycle is consistent with soil P moving between rapidly and slowly available 
pools (Weaver et al. 1988) as a result of rainfall events, plant uptake and temperature. 
For example, the pool of plant available P may increase after a period of high 
temperature where microbial breakdown may convert organic forms of P to mineral 
forms of P. There was a similar seasonal response in the P90 fertility index (Figure 4.9). 
The Colwell K and K90 fertility index displayed a weak seasonal response inversely 
related to rainfall (Figure 4.10). However, the seasonal response was more obvious for 
the KCl-40S and S90 fertility index, with a decline in response due to rainfall leaching 
and plant uptake of sulfur (S) in spring (Appendix A: Figure A9). Soil S levels increased 
during periods of low rainfall and higher temperatures, likely because of mineralisation. 
Soil pH(CaCl2) showed a seasonal response, increasing with highest values occurring 
around the highest rainfall (June to August), and lowest values occurring around the 
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lowest rainfall (November to January; Appendix A: Figure A10). Soil PBI displayed 
some seasonal response correlated with rainfall and inversely correlated with 
temperature (Appendix A: Figure A11), and the opposite of the P seasonal response 
(Figure 4.8, Figure 4.9). Soil PRI and EC showed some temporal variability, but not 
consistently for all paddocks (Appendix A: Figure A12, Figure A13). 
There were some instances where the Colwell P, Colwell K and other analytes for a 
paddock showed a distinct separation within a month, depending on the equipment 
used. For example, for paddock 1, ATV Colwell P and Colwell K values were 
consistently higher than for WT during January and March, and RTV− Colwell P and 
Colwell K values were higher than WT values in November and December. Although 
these types of differences were present, they were not consistent across equipment, 
analyte or soil type. The varied seasonal responses of different analytes in different 
paddocks points to the necessity of choosing a consistent time window to conduct soil 
sampling. For most sampling in south-west WA, soil sampling occurs during the hot and 
dry months (November to April) when rainfall and soil moisture are low. This time 
window also aligns with soil testing that is calibrated to nutrient response trials. This 
seasonality and suitability of equipment also points to the need to use sampling 
equipment that is ‘fit for purpose’ for the soil or situation being sampled. 
Some points to note from Figure 4.8 and Figure 4.10: 
• RTV+ returned the highest analyte values in all months it was measured. A t-test on 
the monthly average data indicated the RTV+ was significantly higher (P ≤ 0.05) 
than all other methods. RTV+ was tested to determine whether vacuum-assisted 
sample collection was better in dry sandy soils, but it was found to be not a preferred 
sampling method because the vacuum excessively sampled near the surface. 
• RTV− returned the lowest analyte values in 5 of the 8 months it was used.  
• No other pair of methods were significantly different (P ≤ 0.05), based on a t-test of 
the monthly average data. 
• There was one month in which the BDA drill (June) and UGP (September) had the 
highest mean Colwell P values (see highest outliers in June and September in 
Figure 4.8(b)). However, in both cases the operator was someone who only 
operated the drill in that month and no other months. A change in operator is likely to 
contribute to the month-to-month variation and significant differences between 
methods. 
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Note: Graphs have different scales. Grey shaded area shows 95% prediction  
interval of the fitted seasonal model; black line shows the modelled median;  
black dots indicate the median. 
Figure 4.8: Viol in plots of temporal variabi l i ty of Col wel l  P col lected  
by sampling equipment for a) paddock 1, b) paddock 2, and  
c) paddock 3 
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Note: Grey shaded area shows 95% prediction interval of the fitted seasonal model;  
black line shows the modelled median; black dots indicate the median; dashed line  
is the target fertility index of 1.0. 
Figure 4.9: Viol in plots of temporal variabi l i ty of P 9 0  fert i l i ty index  
col lected by sampling equipment for a) paddock 1, b) paddock 2, and 
c) paddock 3 
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Note: Graphs have different scales. Grey shaded area shows 95% prediction interval  
of the fitted seasonal model; black line shows the modelled median; black dots  
indicate the median of each violin plot; dashed line is the target fertility index of 1.0. 
Figure 4.10: Viol in plots of temporal variab i l i ty of Colwell  K and  
K9 0  fert i l i ty index col lected by sampling equipment  for a) paddock 1,  
b) paddock 2, and c) paddock 3 
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4.3 Vertical stratification and spatial variability 
The paddock characterisation process (Section 3.7) showed a distinct vertical 
stratification of nutrients concentrating in the topsoil and diminishing with depth (Figure 
4.11 to Figure 4.13). This stratification has implications for sampling techniques that 
inaccurately sample to depth. Shallower sampling would increase the concentration of 
nutrients in the sample by overrepresenting this enriched surface layer, while sampling 
too deep would tend to dilute nutrients. This vertical stratification is consistent with 
information provided by Gourley and Weaver (2019), and strongly suggests that 
scuffing surface soil before collecting a soil core will lead to erroneous results. 
Precise sampling depth is important because stratification can influence the soil test as 
shown by Coad et al. (2010) who compared soil analyses of samples collected at 
depths of 75 mm and 100 mm in pasture soils to reflect different sampling depth in 
mainland Australian states and Tasmania. They concluded that for most soil types, 
Olsen P, Colwell P and Colwell K soil test results could use a multiplication factor of 
1.17 when converting from 100 mm and 75 mm samples. This finding of the influence of 
stratification is likely to also affect the variation in measurement and introduce error 
when converting between sampling depths. 
Sampling showed spatial variability was likely to occur whether surface features were 
accounted for or not. For example, even in areas where nutrients are likely to be more 
concentrated because of animal traffic or management factors (headlands, gates and 
troughs), subsurface nutrients may not be evident. Figure 4.11e shows Colwell P levels 
in one corner of the sampled grid were high because of elevated subsurface Colwell P 
in the 5–10 cm soil layer. This variation would not be evident from observations of 
surface features (Figure 4.11a). 
This vertical and spatial variability was evident for several analytes: Colwell P (Figure 
4.11), Colwell K (Figure 4.12), KCl-40S (Appendix A: Figure A14), pH (Figure A15), PBI 
(Figure A16), PRI (Figure A17), EC (Figure A18), soil moisture (Figure A19) and bulk 
density (BD; Figure A20). Most of the P, K, and S was in the top 2 cm of soil and this 
varied at a range of concentrations throughout paddock 2 (Figure 4.13). PBI and PRI 
were relatively uniform with depth, while pH, EC, soil moisture and BD were vertically 
stratified (Figure 4.13). These results suggest that sampling at various zones within a 
paddock is more likely to give a biased result than sampling across a whole paddock 
where the spatial variability is more likely to be accounted for. 
 
4 Results and discussion 
21 
 
Note: Image e) has a different scale. 
Figure 4.11: Spatial  variabi l i ty of Colwell  P in the soi l  layers: a) 0–1 cm,  
b) 1–2 cm, c) 2–5 cm, d) 5–10 cm, and e) 0–10 cm 
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Note: Image e) has a different scale. 
Figure 4.12: Spatial  variabi l i ty of Colwell  K in the soi l  layers: a) 0–1 cm,  
b) 1–2 cm, c) 2–5 cm, d) 5–10 cm, and e) 0–10 cm 
 
 















Note: Open circles represent data points; shaded circles and boxes show outliers; notches 
represent 95% confidence interval of the median; whiskers are 9th and 91st percentiles using 
the Tukey method of quantiles; box plots are placed at the midpoint of the sampled depth. 
Figure 4.13: Notched box and whisker plots of analyte variat ion in the top 
10 cm of the soi l  prof i le  in paddock 2 
 









Figure 4.13 (continued): Notched box and whisker plots of analyte variat ion in 
the top 10 cm of the soi l  profi le  
4.4 Reference and paddock samples 
There was significant variation in the mean and median values of analytes for each 
paddock. The median value of Colwell P ranged from 7 to 41 mg/kg, Colwell K ranged 
from 28 to 75 mg/kg, KCl-40S ranged from 3.1 to 20.4 mg/kg, pH(CaCl2) ranged from 
4.2 to 6.1, PBI ranged from 0 to 60.5, PRI ranged from 0 to 34.2, and EC ranged from 
0.05 to 0.24 dS/m (Table 4.1). These paddocks were chosen to represent a range of 
soil types and analytical values and reflect the variations that could occur as a result of 











Table 4.1: Summary statist ics for the analytes from monthly sampling in each paddock  
Paddock Analyte Count Minimum Mean Maximum SD CV (%) 25th percentile Median 75th percentile 
1 Colwell P (mg/kg) 141 25 42.1 66 8.3 20 36 41 48 
2 Colwell P 516 3 7.6 26 3.4 45 5 7 9 
3 Colwell P 222 12 27.8 57 6.8 24 23 28 31 
1 Colwell K (mg/kg) 141 48 78.9 166 18.8 24 65 75 90.25 
2 Colwell K 516 15 44.2 221 18.3 41 32 42 52 
3 Colwell K 222 32 82.8 184 22.2 27 69 80.5 93 
1 Sulfur (mg/kg) 120 8.3 22.6 63.8 14.1 62 11.0 20.4 27.4 
2 Sulfur 432 0.9 3.4 8.9 1.6 46 2.4 3.1 4 
3 Sulfur 192 6.2 13.1 28.9 4.9 37 9.3 12.5 14.5 
1 pH(CaCl2) 141 4.3 4.9 5.3 0.2 3 4.8 4.9 5 
2 pH(CaCl2) 516 3.6 4.2 4.6 0.1 3 4.1 4.2 4.2 
3 pH(CaCl2) 222 5.4 6.1 6.6 0.2 3 6.0 6.1 6.2 
1 pH(H2O) 141 4.8 5.7 6.1 0.2 4 5.6 5.7 5.9 
2 pH(H2O) 516 4.6 5.3 5.8 0.2 4 5.2 5.3 5.4 
3 pH(H2O) 222 6.0 6.7 7.2 0.2 3 6.6 6.7 6.8 
1 PBI 141 28.9 64.2 193 20.7 32 55.7 60.5 65.3 
2 PBI 516 1 1.7 8.6 1.3 75 1.0 1 2 
3 PBI 222 51.3 71.3 97.5 8.0 11 66.4 71.7 75.9 
1 PRI 141 8.3 36.7 352.4 37.4 102 24.5 31.6 34.9 
2 PRI 516 0 0.1 1.9 0.3 232 0.0 0 0.1 
3 PRI 222 19.4 34.9 59.9 6.9 20 29.7 34.2 39.2 
1 EC (dS/m) 141 0.050 0.093 0.231 0.03 30 0.076 0.089 0.108 
2 EC 516 0.011 0.028 0.068 0.01 38 0.020 0.025 0.034 
3 EC 222 0.042 0.118 0.240 0.04 31 0.091 0.113 0.141 
SD = standard deviation; CV = coefficient of variation 
Note: PBI and PRI were measured to determine if one provided less variance at low levels. 
Assessment of soil sampling equipment 
26 
The range of values varied markedly for some analytes and more so in some paddocks 
than others. For example, pH variation was small compared to all other analytes. This is 
evident by the small coefficient of variation (CV) values for pH of 3–4%, compared to 
more than 20%, and up to 232%, for the other analytes. This small variation is partly 
due to the logarithmic nature of pH dampening variation. Despite this, the small 
variation gives confidence in decisions on pH amelioration. 
For Colwell P and K, PBI, PRI and EC, the CV values were highest when the reported 
median or mean value in the paddock was low. That is, there appears to be an inverse 
correlation between the mean or median value and the CV. This is consistent with 
reported relationships developed from the Australian Soil and Plant Analysis Council 
(ASPAC) proficiency testing programs (Rayment and Lyons 2011). Therefore, it seems 
likely that some variation seen here was introduced by the laboratory, in addition to that 
potentially introduced by sampling method. Additionally, the ASPAC programs found no 
relationship between CV and values of pH, and none was evident in our assessment. 
It is worth noting that the variation (CV) in the PRI was consistently higher than the 
variation in the PBI, which is counterintuitive considering that the PRI test was designed 
as a sensitive test of P sorption at low levels. Consequently, the lower variation in PBI 
gives greater confidence in using it as a measure of P sorption. 
The notion of overriding factors referred to above can be examined by looking at the 
reference soil data (Table 4.2, Appendix B). This data avoids variation introduced by 
sampling method, and spatial and temporal variability. Instead, it focuses on variation 
introduced between and within laboratories, and the effect of different times the 
samples were analysed in that laboratory. Because the reference soils were composites 
of a large number of subsamples that were dried, sieved and homogenised before 
subsampling for analysis, sampling error is minimised. 
The reference samples from paddocks 2 and 3 had similar CV values for Colwell P 
(60% and 15%, respectively, from Lab 1; 54% and 12%, respectively, for Lab 2) from 
both laboratories (Table 4.2). These CV values are similar to those for Colwell P from 
the monthly sampled paddocks (45% and 24%, respectively), which were sampled 
using different methods (Table 4.1). However, the CV value for Colwell P in the 
reference soil from paddock 1 (≤5%) differed to the value from the monthly samples, 
which averaged 20% across all methods. This suggests that while additional variation 
was introduced by sampling method and spatial and temporal variation for soils with 
higher Colwell P (>40 mg/kg), the controlling factor for variation for soils with lower 
Colwell P (<20 mg/kg) appears more related to limitations of the chemical analysis 
method. The 95% confidence interval (Figure 4.14) and standard deviation (Figure 4.15) 
for the same Colwell P level are greater in the paddock samples than the reference 
samples. These differences between the field and reference samples decreased as 
Colwell P decreased because the increase in variation due to the chemical method 
became the overriding factor. 
These findings on variability of reference sample data, although incidental to the 
objectives of our assessment, are consistent with those reported by ASPAC and others 
in the field of chemical analysis. Figure 4.14 is commonly known as a Horwitz ‘trumpet’ 
plot, after the advocate of interlaboratory performance trials showed the tendency for 
the CV to rise as the measured values approach zero (Horwitz et al. 1980). 
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There was subsampling and laboratory variation in reference sample analyte values for 
paddocks 1–7, except for paddocks 2 and 3, when reference samples were collected in 
July and October 2014 (Figure 4.16 to Figure 4.20, Appendix A: Figure A21 to A30). 
These separate samplings show a bimodal distribution in paddocks 2 and 3 for 
Colwell P, KCl-40S, pH(CaCl2), PBI, PRI and EC. This suggests that the reference 
sample collected in these paddocks at separate times was different, and not 
representative of the paddock. This difference may be due to insufficient cores being 
collected to account for paddock variability, or a different part of the paddock being 
sampled, or both. 
Paddocks 2 and 3 often showed a significant difference (P ≤ 0.05) in the reference 
sample analyte values between the July and October sampling (temporal variation), and 
the analyte values within each month from Lab 2 were often significantly greater than 
the values from Lab 1 (Figure 4.18, Figure 4.19, Appendix A: Figure A21 to Figure A24). 
Within a sampling time, the mean or median value of the analyte changed little; 
however, greater variation often occurred between sampling times. This suggests that a 
sample collected using 180 cores can vary more significantly between samplings than 
the variation introduced through subsampling and analysis. The variation between 
sampling times was more pronounced for Colwell P, KCl-40S, pH, PBI, PRI and EC 
than for Colwell K in some paddocks. 
Some points to note from Figure 4.18: 
• There is a clear trend over time for Colwell P, with July to September having more 
than double the Colwell P than in October to December. 
• Although each month’s ANOVA showed significant differences (P ≤ 0.05) between 
sampling methods, there does not seem to be much consistency in method 
differences. In many cases, a treatment that was significantly higher or lower one 
month, was not so in the next month. 
Like Colwell P, the CV for Colwell K tended to be higher for lower values of Colwell K. 
Paddock 2 reference soils, which had the lowest Colwell K values, showed similar CV 
values for Colwell K from both laboratories (31% from Lab 1, 21% from Lab 2; Table 
4.3). These were slightly lower than the CV value for Colwell K from the monthly 
samples (41%) for the same paddock (Table 4.1). 
CV values for Colwell K in the reference soil from paddocks 1 and 3 with higher Colwell 
K values were 8% and 15% for Lab 1, and 9% and 11% for Lab 2, respectively. The CV 
value for monthly sampled Colwell K was 25% across all sampling methods and 
paddocks. The variation due to sampling method can be seen more clearly for Colwell K 
than for Colwell P and was more evident at lower Colwell K values (Figure 4.20). 
Similar comparisons of variability between reference samples and paddock samples 
were made for the other analytes (Appendix B). These plots of standard deviation (SD) 
versus mean value of a range of analytes commonly show a separation, whereby the 
fitted line for reference samples has a lower slope than the fitted line for paddock 
samples. That is, for the same mean value, the SD is higher for paddock samples than 
for reference samples. The slope of the fitted line varies for each analyte, suggesting 
that the various sampling methods introduce different amounts of variation depending 
on the analysis being undertaken. This general finding is difficult to take further in 
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relation to identifying if any sampling method might introduce a greater error in the 
analysis than another. 
Table 4.2: Summary statist ics for reference samples analysed by each 
laboratory for Colwel l  P (mg/kg) 









Lab 1 1 21 41 44.0 50 2.3 5 42.8 44.0 45.3 
Lab 1 2 45 2 6.7 16 4.0 60 3.0 5.0 10.0 
Lab 1 3 45 19 26.4 33 4.0 15 23.0 25.0 30.0 
Lab 1 7 12 56 65.6 73 5.1 8 61.5 66.5 69.0 
Lab 2 1 22 39 42.5 46 1.7 4 42.0 42.0 43.0 
Lab 2 2 52 3 9.0 19 4.9 54 5.0 7.5 14.0 
Lab 2 3 52 21 27.3 34 3.4 12 24.5 27.0 30.0 
Lab 2 4 6 14 17.3 19 2.1 12 16.0 18.0 19.0 
Lab 2 5 6 45 49.2 55 3.9 8 46.0 48.5 52.0 
Lab 2 6 6 138 147.7 159 7.1 5 144.0 147.0 151.0 
Lab 2 7 18 59 69.7 83 6.3 9 67.0 69.5 73.0 
SD = standard deviation; CV = coefficient of variation 
 
Figure 4.14: Confidence intervals (95%) of reference samples (Lab 1 and 
Lab 2) and f ield samples col lected by sampling equipment for Colwell  P, 
underlain by frequency distr ibut ion of Colwell  P values typical ly found in soi l  
test ing in the region (grey bars) 
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Figure 4.15: Linear regression f i t ted to standard deviation  
as a function of Colwell  P values for reference samples  
(heavy dotted l ine) analysed by Lab 1 and Lab 2, and  
samples col lected using dif ferent sampling methods from  
3 paddocks (l ight dotted l ine) and analysed by Lab 2 
 
Note: The Colwell P measured by Lab 2 was significantly greater (P ≤ 0.05)  
than that measured by Lab 1 in paddocks 1, 2 and 3, but not in paddock 7.  
The Colwell P in the reference samples in July was significantly greater  
(P ≤ 0.05) than in October for paddocks 2 and 3. 
Figure 4.16: Viol in plots showing the variabi l i ty in Col wel l  P for  
reference samples analysed by 2 laboratories on one or more occasions 
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Note: The Colwell K measured by Lab 2 was significantly greater (P ≤ 0.05)  
than that measured by Lab 1 in paddocks 1, 2 and 3, but not in paddock 7.  
The Colwell K in the reference samples in October was significantly greater  
(P ≤ 0.05) than in July for paddock 2. 
Figure 4.17: Viol in plots showing the variabi l i ty in Col wel l  K for  
reference samples analysed by 2 laboratories on one or more  
occasions  
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Note: Graphs have different scales. 
Figure 4.18: Temporal variat ion of Colwell  P in reference samples col lected 
from a) paddock 1, b) paddock 2, and c) paddock 3 at di f ferent t imes and 
analysed in di fferent laboratories  
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Note: Graphs have different scales. 
Figure 4.19: Temporal variat ion of Colwell  K in reference samples  
col lected from a) paddock 1, b) paddock 2, and c) paddock 3 at  
di f ferent t imes and analysed in dif ferent laboratories  
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Table 4.3: Summary statist ics for reference samples analysed by laboratories 
for Colwell  K (mg/kg) 









Lab 1 1 21 51 56.8 65 4.4 8 53.0 56.0 60.3 
Lab 1 2 45 13 33.2 66 10.2 31 28.8 31.0 39.3 
Lab 1 3 45 54 68.7 110 10.1 15 63.8 66.0 72.3 
Lab 1 7 12 210 222.5 240 11.4 5 210.0 220.0 230.0 
Lab 2 1 22 60 71.4 83 6.1 9 67.0 71.5 76.0 
Lab 2 2 52 31 45.8 75 9.7 21 38.0 45.0 52.0 
Lab 2 3 52 60 74.6 95 8.1 11 70.0 72.0 81.0 
Lab 2 4 6 29 32.3 38 3.1 10 31.0 31.5 33.0 
Lab 2 5 6 60 71.0 84 9.8 14 62.0 69.5 81.0 
Lab 2 6 6 343 375.7 401 20.2 5 362.0 382.5 383.0 
Lab 2 7 18 204 215.0 245 10.5 5 207.0 214.5 218.0 
SD = standard deviation; CV = coefficient of variation 
 
Figure 4.20: Linear regression f i t ted to standard  
deviat ion as a function of Colwell  K values for  
reference samples (heavy dotted l ine) analysed by  
2 laboratories, and samples col lected using dif ferent  
sampling methods from 3  paddocks (l ight dotted l ine)   
and analysed by Lab 2 
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4.4.1 Analysis of variance 
ANOVA showed significant differences (P ≤ 0.05) between sampling methods in 
different paddocks each month; however, the differences identified within months were 
not consistent between months. That is, any one sampling method was likely to 
introduce some additional variation over and above that in the laboratory, but in most 
cases no single sampling method was better than any other. This claim is evident from 





Variation within the laboratory (that is, chemical analysis variation) was greater than that 
between sampling methods, or within sampling methods. These findings on variability of 
reference sample data, although incidental to the objectives of our assessment, are 
consistent with those reported by ASPAC and others in the field of chemical analysis. 
These variations require further explanation by systematically collecting, processing and 
analysing reference samples in several laboratories over time. 
Each sampling method, except vacuum-assisted sampling, yielded similar results. 
Therefore, the vacuum-assisted core sampler mounted on the RTV is not a preferred 
sampling method.  
Variability increased at the lower end of the analytical range, which is consistent with 
the Horwitz ‘trumpet’ and shows an inherent tendency for variability at low levels of 
most analytes. 
Changes in operator can introduce variation in the results, as was seen in the sampling 
with the handheld battery drill, when the Colwell P value increased in the one month 
that the operator was different. This is consistent with the observation that the soil was 
strongly stratified, with concentrations being highest in the surface and reducing down 
the profile, suggesting the change in operator introduced an idiosyncratic sampling 
technique that varied their sampling at different depths of the soil profile. 
Spatial variation was large: a high number of replicates was required to ensure a 
suitably representative sample was obtained to give a low CV. This is consistent with 
work previously undertaken and confirms the need for at least 30 cores to be taken per 
paddock sample. 
The PRI test was designed to test soils with a low P sorption. However, the variation of 
the PBI was consistently lower than the PRI, making PBI useful across the range of 
sorption capacity levels found here. 
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Appendix A Distribution of soil analyte values 
 
Note: Black dots indicate the median. 
 
Note: Black dots indicate the median. 
Figure A1: Distr ibution of KCl -40S 
col lected by sampling equipment  in 
each paddock 
Figure A2: Distr ibution of pH(CaCl 2)  





Note: Black dots indicate the median. 
 
Note: Black dots indicate the median. 
Figure A3: Distr ibution of phosphorus 
buffering index col lected by sampling 
equipment in each paddock 
Figure A4: Distr ibution of phosphorus 
retention index col lected by sampling 
equipment in each paddock 
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Note: Black dots indicate the median. 
 
Note: Black dots indicate the median. 
Figure A5: Distr ibution of electr ical  
conductiv ity col lected by sampling 
equipment in each paddock 
Figure A6: Distr ibution of soi l  
P fert i l i ty index (P 9 0) col lected by 





Note: Black dots indicate the median. 
 
Note: Black dots indicate the median. 
Figure A7: Distr ibution of soi l  
K fert i l i ty index (K 9 0) col lected by 
sampling equipment in each paddock 
Figure A8: Distr ibution of soi l  
S fert i l i ty index (S 9 0) col lected by 
sampling equipment in each paddock  
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Note: Graphs have different scales. Grey shaded area shows 95% prediction interval of  
the fitted seasonal model; black line shows the modelled median; black dots indicate  
the median; dashed line is the target fertility index of 1.0. 
Figure A9: Viol in plots of temporal variabi l i ty of KCl -40S and S90  fert i l i ty  
index col lected by sampling equipment  for a) paddock 1, b) paddock 2, and 





Note: Graphs have different scales. Grey shaded area shows 95% prediction interval  
of the fitted seasonal model; black line shows the modelled median; black dots  
indicate the median. 
Figure A10: Viol in plots of temporal variabi l i ty of pH( CaCl2)  col lected by 
sampling equipment  for a) paddock 1, b) paddock 2, and c) paddock 3 
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Note: Graphs have different scales. Grey shaded area shows 95% prediction interval  
of the fitted seasonal model; black line shows the modelled median; black dots  
indicate the median. 
Figure A11: Viol in plots of temporal variabi l i ty of phosphorus buffer ing index 
col lected by sampling equipment  for a) paddock 1, b) paddock 2, and 




Note: Graphs have different scales. Black dots indicate the median. 
Figure A12: Viol in plots of temporal variabi l i ty of phosphorus retent ion index 
col lected by sampling equipment  for a) paddock 1, b) paddock 2, and 
c) paddock 3 
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Note: Graphs have different scales. Black dots indicate the median. 
Figure A13: Viol in plots of temporal variabi l i ty of electr ical conductivi ty 
col lected by sampling equipment  for a) paddock 1, b) paddock 2, and 





Note: Image e) has a different scale. 
Figure A14: Spatial  variabi l i ty of KCl -40S in the soi l  layers: a) 0–1 cm,  
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Note: Image e) has a different scale. 
Figure A15: Spatial  variabi l i ty of pH(CaCl2) in the soi l  layers: a) 0–1 cm,  





Note: Image e) has a different scale. 
Figure A16: Spatial  variabi l i ty of phosphorus buffer ing index in the soi l  layers: 
a) 0–1 cm, b) 1–2 cm, c) 2–5 cm, d) 5–10 cm, and e) 0–10 cm 
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Note: Image e) has a different scale. 
Figure A17: Spatial  variabi l i ty of phosphorus retent ion index  in the soi l  layers: 





Note: Image e) has a different scale. 
Figure A18: Spatial  variabi l i ty of electr ical  conductivi ty in the soi l  layers:  
a) 0–1 cm, b) 1–2 cm, c) 2–5 cm, d) 5–10 cm, and e) 0–10 cm 
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Note: Image e) has a different scale. 
Figure A19: Spatial  variabi l i ty of  soi l  moisture in the soi l  layers: a) 0–1 cm,  





Note: Image e) has a different scale. 
Figure A20: Spatial  variabi l i ty of bulk density  in the soi l  layers:  a) 0–1 cm,  
b) 1–2 cm, c) 2–5 cm, d) 5–10 cm, and e) 0–10 cm 
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Note: Graphs have different scales. 
Figure A21: Temporal variat ion of KCl -40S in reference samples col lected from 
a) paddock 1, b) paddock 2, and c) paddock 3 at di fferent t imes and analysed in 





Note: Graphs have different scales. 
Figure A22: Temporal variat ion of pH(CaCl 2)  in reference samples col lected 
from a) paddock 1, b) paddock 2, and c) paddock 3 at di f ferent  t imes and 
analysed in di fferent laboratories  
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Note: Graphs have different scales. 
Figure A23: Temporal variat ion of phosphorus buffer ing index in reference 
samples col lected from a) paddock  1, b) paddock 2, and c) paddock 3 at 




Note: Graphs have different scales. 
Figure A24: Temporal variat ion of phosphorus retent ion index in reference 
samples col lected from a) paddock  1, b) paddock 2, and c) paddock 3 at 
di fferent t imes and analysed in dif ferent laboratories  
Assessment of soil sampling equipment 
56 
 
Note: Graphs have different scales. 
Figure A25: Temporal variat ion of electr ical conductivi ty in reference samples 
col lected from a) paddock 1, b) paddock 2, and c) paddock 3 at di f ferent t imes 






Note: There was no significant difference in KCl-40S between laboratories  
for paddocks 1, 2 and 3; however, the KCl-40S measured by Lab 2 was  
significantly greater (P ≤ 0.05) than that measured by Lab 1 for paddock 7.  
The KCl-40S in the reference samples in July was significantly greater  
(P ≤ 0.05) than in October for paddocks 2 and 3, consistent with temporal trends. 
Figure A26: Viol in plots showing the variabi l i ty in KCl -40S for reference 
samples analysed by 2 laboratories on one or more occasions  
 
Note: The pH(CaCl2) measured by Lab 2 was significantly greater (P ≤ 0.05) than  
that measured by Lab 1 in paddocks 2, 3 and 7, but not in paddock 1. The  
pH(CaCl2) in the reference samples in July was significantly greater (P ≤ 0.05)  
than in October for paddocks 2 and 3. 
Figure A27: Viol in plots showing the variabi l i ty i n pH(CaCl2) for  
reference samples analysed by 2 laboratories on one or more occasions  
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Note: The PBI measured by Lab 2 was significantly greater (P ≤ 0.05) than that  
measured by Lab 1 in paddocks 2, 3 and 7, but not in paddock 1. The PBI in  
the reference samples in October was significantly greater (P ≤ 0.05) than in  
July for paddocks 2 and 3. 
Figure A28: Viol in plots showing the variabi l i ty in phosphorus  
buffering index for reference samples analysed by  2 laboratories  
on one or more occasions 
 
Note: The PRI measured by Lab 2 was significantly greater (P ≤ 0.05) than that  
measured by Lab 1 in paddocks 1, 2, 3 and 7. The PRI in the reference samples  
in October was significantly greater (P ≤ 0.05) than in July for paddocks 2 and 3. 
Figure A29: Viol in plots showing the variabi l i ty in phosphorus  
retention index for reference samples analysed by  2 laboratories  




Note: The EC in the reference samples in July was significantly greater  
(P ≤ 0.05) than in October for paddocks 2 and 3. 
Figure A30: Viol in plots showing the variabi l i ty in electr ical   
conductiv ity for reference samples analysed by  Lab 2 on one  
or more occasions 
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Appendix B Summary statistics and linear regression for 
various analytes 
Table B1: Summary stat ist ics for reference samples analysed for  KCl-40S 
(mg/kg) 









Lab 1 1 21 17.0 18.5 21.0 0.9 5 18.0 18.0 19.0 
Lab 1 2 45 1.2 3.4 5.7 1.6 48 1.7 3.1 5.0 
Lab 1 3 45 6.0 11.1 19.0 4.5 40 6.9 8.4 15.3 
Lab 1 7 12 29.0 30.9 34.0 1.4 4 30.0 31.0 31.0 
Lab 2 1 22 17.4 18.8 20.9 1.0 6 18.1 18.4 19.6 
Lab 2 2 40 1.1 3.6 6.5 1.9 54 1.7 4.5 5.4 
Lab 2 3 40 5.0 11.4 17.1 4.2 37 7.2 13.7 15.1 
Lab 2 4 6 3.6 4.7 6.0 0.8 18 4.1 4.7 5.0 
Lab 2 5 6 11.8 14.6 21.6 3.5 24 12.9 13.8 14.0 
Lab 2 6 6 18.9 19.9 20.6 0.8 4 18.9 20.2 20.6 
Lab 2 7 6 35.4 37.0 40.0 1.7 5 35.6 36.5 38.0 
SD = standard deviation; CV = coefficient of variation 
 
Figure B1: Linear regression f i t ted to standard  
deviat ion as a function of KCl -40S values for  
the 7 reference paddocks (heavy dotted l ine)  
analysed by 2 laboratories, and samples col lected  
using di fferent sampling methods from 3  paddocks  
( l ight dotted l ine)  
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Table B2: Summary stat ist ics for reference samples analysed for pH(CaCl2) 









Lab 1 1 21 4.9 4.9 5.0 0.1 1 4.9 4.9 5.0 
Lab 1 2 45 4.0 4.1 4.3 0.1 2 4.1 4.1 4.2 
Lab 1 3 45 6.1 6.2 6.5 0.1 2 6.1 6.2 6.4 
Lab 1 7 12 5.5 5.5 5.6 0.0 1 5.5 5.5 5.6 
Lab 2 1 22 4.8 5.0 5.2 0.1 2 4.9 4.9 5.0 
Lab 2 2 52 4.0 4.2 4.9 0.1 3 4.1 4.2 4.3 
Lab 2 3 52 5.9 6.2 6.5 0.2 3 6.0 6.2 6.3 
Lab 2 4 6 4.5 4.6 4.7 0.1 2 4.5 4.6 4.6 
Lab 2 5 6 4.7 4.7 4.8 0.1 1 4.7 4.7 4.8 
Lab 2 6 6 4.5 4.5 4.6 0.1 1 4.5 4.5 4.6 
Lab 2 7 18 5.3 5.4 5.5 0.1 1 5.3 5.3 5.4 
SD = standard deviation; CV = coefficient of variation 
 
Figure B2: Linear regression f i t ted to standard  
deviat ion as a function of pH(CaCl 2)  values for  
7 reference paddocks (heavy dotted l ine) submitted  
to 2 laboratories, and samples col lected using  
di fferent sampling methods from 3  paddocks ( l ight  
dotted l ine) 
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Table B3: Summary stat ist ics for reference samples analysed for pH(H2O) 









Lab 1 1 21 5.6 5.8 5.9 0.1 1 5.7 5.8 5.8 
Lab 1 2 45 5.3 5.6 5.8 0.1 2 5.6 5.6 5.7 
Lab 1 3 45 6.8 7.0 7.3 0.2 2 6.8 7.0 7.1 
Lab 1 7 12 6.1 6.1 6.2 0.0 1 6.1 6.1 6.2 
Lab 2 1 22 5.5 5.6 5.8 0.1 2 5.5 5.6 5.7 
Lab 2 2 52 5.1 5.5 6.1 0.2 3 5.4 5.5 5.6 
Lab 2 3 52 6.5 6.8 7.1 0.2 3 6.6 6.8 7.0 
Lab 2 4 6 5.6 5.7 5.9 0.1 2 5.6 5.7 5.7 
Lab 2 5 6 5.7 5.8 5.8 0.0 1 5.8 5.8 5.8 
Lab 2 6 6 5.3 5.3 5.4 0.0 1 5.3 5.3 5.3 
Lab 2 7 18 5.9 6.0 6.2 0.1 2 6.0 6.0 6.1 
SD = standard deviation; CV = coefficient of variation 
 
 
Figure B3: Linear regression f i t ted to standard  
deviat ion as a function of pH(H2O) values for  
7 reference paddocks (heavy dotted l ine) submitted  
to 2 laboratories, and samples col lected using  
di fferent sampling methods from 3  paddocks ( l ight  
dotted l ine) 
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Table B4: Summary stat ist ics for reference samples analysed for phosphorus 
buffering index  









Lab 1 1 21 44.3 46.1 48.8 1.1 2 45.2 46.0 46.4 
Lab 1 2 45 0.1 1.4 4.7 1.2 86 0.5 0.9 2.6 
Lab 1 3 45 39.3 61.8 90.9 16.2 26 46.9 65.6 74.9 
Lab 1 7 12 299.2 339.0 374.6 30.8 9 308.9 343.8 367.1 
Lab 2 1 22 41.3 46.2 53.4 2.8 6 44.3 46.1 47.7 
Lab 2 2 52 1.0 2.0 6.6 1.4 71 1.0 1.2 2.7 
Lab 2 3 52 39.1 66.6 98.9 17.5 26 48.3 73.4 82.2 
Lab 2 4 6 4.5 5.3 6.4 0.7 13 4.7 5.3 5.7 
Lab 2 5 6 23.6 26.5 31.9 3.2 12 24.2 25.2 28.9 
Lab 2 6 6 127.7 138.7 145.8 6.3 5 136.0 140.4 142.1 
Lab 2 7 18 291.6 364.5 556.6 64.1 18 314.1 349.8 387.3 
SD = standard deviation; CV = coefficient of variation 
 
Figure B4: Linear regression f i t ted to standard  
deviat ion as a function of phosphorus buffering  
index values for 7 reference paddocks (heavy  
dotted l ine) submitted to 2  laboratories, and  
samples col lected using dif ferent sampling  
methods from 3 paddocks (l ight dotted l ine)  
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Table B5: Summary stat ist ics for reference samples analysed for phosphorus 
retention index 









Lab 1 1 21 12.0 13.2 14.0 0.7 6 13.0 13.0 14.0 
Lab 1 2 45 –1.2 –0.6 0.4 0.4 –69 –0.8 –0.7 –0.4 
Lab 1 3 45 8.5 21.3 44.0 9.5 45 13.0 24.0 26.3 
Lab 1 7 12 240.0 265.8 280.0 11.6 4 260.0 270.0 270.0 
Lab 2 1 22 18.3 21.8 26.4 1.9 9 20.3 21.4 23.2 
Lab 2 2 52 0.0 0.1 0.9 0.2 195 0.0 0.0 0.1 
Lab 2 3 52 15.0 31.6 57.5 12.1 38 18.7 35.3 41.1 
Lab 2 4 6 0.0 0.1 0.4 0.2 245 0.0 0.0 0.0 
Lab 2 5 6 3.1 3.6 3.9 0.3 8 3.6 3.7 3.9 
Lab 2 6 6 55.6 66.3 75.4 6.4 10 65.8 66.3 68.4 
Lab 2 7 18 197.5 411.6 576.9 92.1 22 378.8 431.4 460.6 
SD = standard deviation; CV = coefficient of variation 
 
 
Figure B5: Linear regression f i t ted to standard  
deviat ion as a function of pH values for 7 reference  
paddocks (heavy dotted l ine) submitted to  
2 laboratories, and samples col lected using dif ferent  
sampling methods from 3  paddocks (l ight dotted l ine)  
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Table B6: Summary stat ist ics for reference samples analysed for electr ical  
conductiv ity (dS/m) 











Lab 2 1 22 0.090 0.123 0.151 0.02 13 0.114 0.123 0.133 
Lab 2 2 52 0.016 0.028 0.050 0.01 40 0.019 0.022 0.039 
Lab 2 3 52 0.051 0.114 0.175 0.03 28 0.091 0.113 0.139 
Lab 2 4 6 0.018 0.024 0.030 0.00 17 0.022 0.023 0.025 
Lab 2 5 6 0.092 0.110 0.124 0.01 10 0.105 0.111 0.118 
Lab 2 6 6 0.117 0.148 0.179 0.02 15 0.139 0.145 0.165 
Lab 2 7 18 0.223 0.274 0.360 0.04 14 0.243 0.259 0.288 
SD = standard deviation; CV = coefficient of variation 
 
 
Figure B6: Linear regression f i t ted to standard  
deviat ion as a function of electr ical  conductiv ity  
values for 7 reference paddocks (heavy dotted l ine)  
submitted to Lab 2, and samples col lected using  
di fferent  sampling methods from 3 paddocks ( l ight  
dotted l ine) 
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Appendix C Summary statistics for paddock samples 
Table C1: Summary stat ist ics for samples analysed for Colwell  P (mg/kg), 
grouped by sampling method and paddock  





ATV 1 15 33 49.7 66 18 44.3 50.0 56.5 
ATV 2 72 3 6.9 24 60 4.0 5.0 8.0 
ATV 3 24 21 28.4 35 14 25.0 28.5 31.0 
RTV+ 2 36 5 9.4 26 44 7.0 9.0 10.0 
RTV– 1 18 41 48.4 60 12 44.0 48.0 54.0 
RTV– 2 48 4 7.1 15 30 6.0 7.0 8.0 
RTV– 3 54 14 29.3 57 33 23.0 27.0 32.0 
WT 1 36 26 36.6 47 14 32.5 37.0 40.0 
WT 2 72 3 7.4 17 42 5.0 7.0 9.0 
WT 3 36 18 25.1 31 14 23.0 25.0 27.0 
BDA 1 6 33 35.8 38 4 36.0 36.0 36.0 
BDA 2 72 3 7.7 22 49 5.0 7.0 9.0 
BDA 3 12 17 25.1 38 29 18.5 23.5 30.5 
UGP 1 6 25 28.2 34 11 26.0 28.0 28.0 
UGP 2 72 3 7.1 19 43 5.0 6.0 8.0 
UGP 3 12 12 18.3 25 25 15.0 17.0 22.0 
P1 1 30 36 44.7 58 15 39.0 43.5 50.0 
P1 2 72 3 8.2 19 38 6.0 7.0 10.0 
P1 3 42 19 30.2 40 16 28.0 29.0 34.0 
P2 1 30 31 42.5 58 17 38.0 41.5 46.0 
P2 2 72 3 7.7 20 39 6.0 7.0 9.0 
P2 3 42 19 29.1 39 15 26.0 30.0 32.0 




Table C2: Summary stat ist ics for samples analysed for Colwell  K (mg/kg), 
grouped by sampling method and paddock  





ATV 1 15 85 97.9 117 11 90.0 91.0 106.7 
ATV 2 72 15 34.7 73 39 25.5 32.0 41.5 
ATV 3 24 67 88.9 127 17 74.5 87.0 101.0 
RTV+ 2 36 26 64.8 221 50 46.5 61.0 74.5 
RTV– 1 18 76 95.8 166 21 84.0 92.0 99.0 
RTV– 2 48 21 45.6 110 39 35.0 42.0 51.0 
RTV– 3 54 44 91.8 184 33 68.0 85.5 110.0 
WT 1 36 48 67.4 103 16 59.5 67.0 72.5 
WT 2 72 18 43.5 92 36 30.5 42.0 51.0 
WT 3 36 48 78.4 108 16 70.5 77.5 85.5 
BDA 1 6 63 91.5 164 42 72.0 73.5 103.0 
BDA 2 72 22 45.2 94 37 31.0 42.0 57.0 
BDA 3 12 57 74.4 101 19 61.5 73.5 81.0 
UGP 1 6 53 66.2 95 22 59.0 62.5 65.0 
UGP 2 72 19 37.1 68 27 30.0 37.0 43.0 
UGP 3 12 32 48.9 64 22 40.5 49.5 56.0 
P1 1 30 54 74.9 102 17 66.0 71.5 88.0 
P1 2 72 16 48.3 114 36 36.0 46.5 54.5 
P1 3 42 57 82.1 121 17 71.0 81.5 90.0 
P2 1 30 55 77.1 107 19 64.0 77.0 90.0 
P2 2 72 18 44.9 83 32 35.0 43.5 53.0 
P2 3 42 58 84.4 183 24 71.0 82.0 91.0 
CV = coefficient of variation 
 
Assessment of soil sampling equipment 
68 
Table C3: Summary stat ist ics for samples analysed for KCl-40S (mg/kg), 
grouped by sampling method and paddock  





ATV 1 12 10.8 33.7 63.8 67 13.35 26.90 56.75 
ATV 2 60 1.1 3.0 5.2 35 2.20 2.70 3.90 
ATV 3 12 9.1 15.5 28.9 41 10.30 13.85 20.35 
RTV+ 2 24 1.6 5.2 8.9 53 2.65 5.15 7.75 
RTV– 1 12 9.6 30.8 53.3 65 11.50 29.45 50.70 
RTV– 2 48 1.7 3.2 7.9 40 2.40 2.80 3.45 
RTV– 3 48 6.6 13.1 26.9 37 10.15 12.35 14.00 
WT 1 24 8.3 17.1 41.2 65 9.95 11.00 23.00 
WT 2 60 1 3.2 7.1 44 2.05 3.15 4.15 
WT 3 24 7.2 13.5 26.7 48 8.25 10.80 17.55 
BDA 1 6 40.5 46.2 51.8 11 41.60 46.50 50.00 
BDA 2 60 1.1 3.4 7.3 41 2.30 3.40 4.00 
BDA 3 12 8.2 15.2 24.8 41 9.50 14.40 21.50 
UGP 1 6 25.1 28.4 34.0 11 26.70 27.40 29.50 
UGP 2 60 0.9 2.9 5.0 32 2.20 3.050 3.60 
UGP 3 12 7.1 13.4 18.9 31 9.05 13.85 17.00 
P1 1 30 8.4 18.4 39.2 40 11.90 20.45 22.70 
P1 2 60 1 3.8 8.7 48 2.50 3.25 4.90 
P1 3 42 7 12.7 23.0 31 9.60 12.60 13.90 
P2 1 30 9.3 17.6 27.4 36 10.40 20.40 22.80 
P2 2 60 1 3.5 7.5 44 2.45 3.15 4.40 
P2 3 42 6.2 12.0 23.5 33 8.90 12.50 14.10 





Table C4: Summary stat ist ics for samples analysed for pH(CaCl2) ,  grouped by 
sampling method and paddock  





ATV 1 15 4.9 5.0 5.1 2 4.92 5.00 5.10 
ATV 2 72 3.8 4.2 4.6 4 4.10 4.20 4.20 
ATV 3 24 5.8 6.0 6.3 2 5.95 6.00 6.15 
RTV+ 2 36 4.1 4.3 4.6 3 4.10 4.20 4.30 
RTV– 1 18 4.6 4.8 5.0 3 4.60 4.75 5.00 
RTV– 2 48 3.6 4.0 4.4 3 4.00 4.00 4.10 
RTV– 3 54 5.4 6.0 6.5 4 5.80 6.10 6.20 
WT 1 36 4.5 4.8 5.0 3 4.70 4.80 4.90 
WT 2 72 3.9 4.2 4.5 4 4.10 4.20 4.30 
WT 3 36 5.7 6.0 6.2 2 5.90 6.00 6.10 
BDA 1 6 4.8 4.8 4.9 1 4.80 4.80 4.90 
BDA 2 72 4.0 4.2 4.5 3 4.10 4.20 4.30 
BDA 3 12 6.0 6.2 6.3 1 6.10 6.20 6.20 
UGP 1 6 4.8 4.9 5.0 2 4.80 4.90 4.90 
UGP 2 72 3.8 4.2 4.5 3 4.00 4.20 4.20 
UGP 3 12 5.7 6.0 6.3 3 5.80 5.95 6.15 
P1 1 30 4.3 4.9 5.3 4 4.90 4.95 5.10 
P1 2 72 3.9 4.2 4.4 3 4.10 4.20 4.20 
P1 3 42 5.8 6.1 6.6 3 6.00 6.10 6.30 
P2 1 30 4.8 5.0 5.2 2 4.90 5.00 5.10 
P2 2 72 3.9 4.2 4.4 3 4.10 4.20 4.20 
P2 3 42 6.0 6.2 6.5 2 6.10 6.20 6.30 
CV = coefficient of variation 
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Table C5: Summary stat ist ics for samples analysed for pH(H2O), grouped by 
sampling method and paddock  





ATV 1 15 5.4 5.7 6.0 4 5.52 5.70 5.88 
ATV 2 72 4.9 5.3 5.8 4 5.20 5.30 5.50 
ATV 3 24 6.4 6.6 6.9 2 6.50 6.60 6.75 
RTV+ 2 36 4.9 5.2 5.6 3 5.10 5.20 5.30 
RTV– 1 18 5.4 5.6 5.7 2 5.50 5.60 5.60 
RTV– 2 48 5.0 5.3 5.6 3 5.10 5.20 5.40 
RTV– 3 54 6.0 6.6 7.0 3 6.50 6.70 6.80 
WT 1 36 5.4 5.7 6.0 3 5.50 5.70 5.85 
WT 2 72 4.6 5.3 5.8 5 5.10 5.30 5.55 
WT 3 36 6.3 6.7 7.0 2 6.60 6.70 6.80 
BDA 1 6 5.5 5.5 5.6 1 5.50 5.50 5.60 
BDA 2 72 4.9 5.3 5.8 4 5.20 5.30 5.50 
BDA 3 12 6.5 6.8 7.1 2 6.65 6.80 6.80 
UGP 1 6 5.5 5.7 5.9 2 5.60 5.70 5.80 
UGP 2 72 4.7 5.3 5.7 3 5.20 5.30 5.40 
UGP 3 12 6.3 6.6 6.9 3 6.35 6.65 6.80 
P1 1 30 4.8 5.7 6.1 5 5.70 5.80 5.90 
P1 2 72 4.8 5.3 5.7 4 5.20 5.30 5.40 
P1 3 42 6.5 6.8 7.2 3 6.60 6.80 6.90 
P2 1 30 5.5 5.8 6.1 3 5.70 5.85 6.00 
P2 2 72 4.7 5.3 5.6 4 5.10 5.30 5.40 
P2 3 42 6.6 6.8 7.1 2 6.70 6.80 6.90 





Table C6: Summary stat ist ics for samples analysed for phosphorus buffering 
index, grouped by sampling method and paddock  





ATV 1 15 68.9 106.8 193.0 37 77.72 95.80 112.30 
ATV 2 72 1.0 2.2 7.1 71 1.00 1.40 3.45 
ATV 3 24 67.4 79.9 97.5 9 75.35 79.40 83.45 
RTV+ 2 36 1.0 2.0 6.5 82 1.00 1.00 3.00 
RTV– 1 18 63.0 69.8 75.9 6 65.90 70.10 74.40 
RTV– 2 48 1.0 1.6 4.5 60 1.00 1.00 2.00 
RTV– 3 54 61.3 75.0 92.6 10 69.10 74.40 80.10 
WT 1 36 52.2 61.3 74.5 9 59.10 60.80 63.25 
WT 2 72 1.0 1.8 6.7 70 1.00 1.10 2.40 
WT 3 36 65.1 72.3 82.2 6 69.05 72.00 74.60 
BDA 1 6 59.1 62.3 65.3 4 59.30 62.45 65.00 
BDA 2 72 1.0 1.5 5.7 73 1.00 1.00 1.20 
BDA 3 12 58.1 64.8 72.3 8 60.50 64.75 68.75 
UGP 1 6 55.3 59.3 64.8 5 57.30 59.05 60.50 
UGP 2 72 1.0 1.7 5.9 71 1.00 1.00 2.00 
UGP 3 12 51.3 62.7 77.8 14 54.95 61.85 69.80 
P1 1 30 28.9 54.0 63.7 15 52.80 56.35 59.70 
P1 2 72 1.0 1.5 8.6 85 1.00 1.00 1.20 
P1 3 42 54.1 68.6 82.2 9 65.00 68.10 72.80 
P2 1 30 40.4 54.7 62.0 10 50.40 55.50 58.80 
P2 2 72 1.0 1.4 5.4 67 1.00 1.00 1.20 
P2 3 42 51.4 67.8 82.4 10 63.50 68.35 72.80 
CV = coefficient of variation 
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Table C7: Summary stat ist ics for samples analysed for phosphorus retention 
index, grouped by sampling method and paddock  





ATV 1 15 27.8 101.1 352.4 92 37.62 65.00 128.90 
ATV 2 72 0.0 0.1 1.1 247 0.00 0.00 0.00 
ATV 3 24 26.6 42.2 59.9 18 38.25 41.35 46.30 
RTV+ 2 36 0.0 0.0 0.4 340 0.00 0.00 0.00 
RTV– 1 18 30.1 33.8 41.2 8 31.50 34.15 35.20 
RTV– 2 48 0.0 0.1 0.7 223 0.00 0.00 0.10 
RTV– 3 54 24.6 37.7 52.7 18 32.70 38.05 42.50 
WT 1 36 24.4 31.6 44.5 14 28.30 31.30 34.15 
WT 2 72 0.0 0.2 1.5 180 0.00 0.00 0.30 
WT 3 36 27.6 35.1 47.6 13 32.10 34.65 37.10 
BDA 1 6 31.9 34.3 36.6 5 32.80 34.10 36.20 
BDA 2 72 0.0 0.1 1.3 215 0.00 0.00 0.10 
BDA 3 12 29.6 33.5 42.2 12 30.45 31.95 36.15 
UGP 1 6 31.3 35.1 39.6 11 31.60 34.50 39.00 
UGP 2 72 0.0 0.1 1.9 244 0.00 0.00 0.10 
UGP 3 12 23.6 35.6 50.5 26 28.60 33.40 44.70 
P1 1 30 8.3 24.3 34.9 31 18.80 22.95 32.10 
P1 2 72 0.0 0.1 1.2 226 0.00 0.00 0.05 
P1 3 42 21.6 31.0 44.9 17 27.20 29.25 34.90 
P2 1 30 15.2 25.6 37.7 26 20.40 22.85 32.60 
P2 2 72 0.0 0.2 1.7 220 0.00 0.00 0.00 
P2 3 42 19.4 31.2 41.3 16 27.30 31.65 34.60 





Figure C1: Confidence intervals (95%) of reference samples (Lab 1 and Lab 2) 
for phosphorus buffer ing index (PBI),  underlain by frequency distr ibution of PBI 
values typical ly found in the region (grey bars) 
 
Figure C2: Confidence intervals (95%) of reference samples (Lab 1 and Lab 2) 
for phosphorus retent ion index (PRI) , underlain by frequency distr ibution of PRI 
values typical ly found in the region (grey bars) 
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Table C8: Summary stat ist ics for samples analysed for electr ical  conductiv ity  
(dS/m), grouped by sampling method and paddock  





ATV 1 15 0.087 0.124 0.161 19 0.109 0.125 0.145 
ATV 2 72 0.011 0.022 0.046 34 0.015 0.020 0.027 
ATV 3 24 0.068 0.127 0.191 31 0.092 0.126 0.160 
RTV+ 2 36 0.026 0.043 0.066 24 0.034 0.046 0.050 
RTV– 1 18 0.050 0.097 0.143 31 0.070 0.106 0.122 
RTV– 2 48 0.017 0.027 0.065 41 0.021 0.024 0.027 
RTV– 3 54 0.072 0.126 0.240 31 0.100 0.117 0.139 
WT 1 36 0.050 0.074 0.108 22 0.061 0.077 0.083 
WT 2 72 0.014 0.026 0.043 27 0.021 0.025 0.032 
WT 3 36 0.054 0.107 0.183 36 0.072 0.102 0.137 
BDA 1 6 0.095 0.124 0.154 23 0.096 0.124 0.151 
BDA 2 72 0.015 0.028 0.061 37 0.020 0.024 0.036 
BDA 3 12 0.056 0.116 0.195 48 0.064 0.109 0.168 
UGP 1 6 0.077 0.089 0.112 14 0.083 0.086 0.089 
UGP 2 72 0.014 0.022 0.038 28 0.018 0.020 0.026 
UGP 3 12 0.042 0.093 0.128 29 0.077 0.090 0.115 
P1 1 30 0.065 0.099 0.231 31 0.084 0.091 0.117 
P1 2 72 0.014 0.031 0.068 38 0.020 0.030 0.038 
P1 3 42 0.072 0.113 0.178 25 0.093 0.109 0.130 
P2 1 30 0.053 0.087 0.134 19 0.076 0.089 0.094 
P2 2 72 0.012 0.028 0.047 31 0.020 0.030 0.036 
P2 3 42 0.075 0.123 0.174 21 0.105 0.125 0.142 






Short form Long form 
ANOVA analysis of variance 
ASPAC Australian Soil and Plant Analysis Council 
ATV all-terrain vehicle 
BDA battery drill driven auger (handheld) 
CaCl2 calcium chloride 
CV coefficient of variation 
cm centimetre 
DPIRD Department of Primary Industries and Regional Development 
dS/m decisiemens per metre 
EC electrical conductivity at 25 °C 
GPS global positioning system  
H2O water 
ha  hectare 
K potassium 




m, mm metre, millimetre 
mg milligram 
P phosphorus 
P90 phosphorus fertility index at 90% of maximum production 
P1, P2 pogo 1, pogo 2 
PBI phosphorus buffering index 
PRI phosphorus retention index 
RTV rough-terrain vehicle 
S90 sulfur fertility index at 90% of maximum production 
UGP universal ground probe 
WA Western Australia 
WT ute-mounted compressor-driven Williams terrier sampler 
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